Introduction {#Sec1}
============

The research on magnetic materials with large magnetocaloric effect (MCE) has increased immensely in recent past since such materials could be used for magnetic refrigeration, an alternative to conventional vapor compression technique^[@CR1]--[@CR3]^. The MCE is defined as the isothermal change in magnetic entropy or adiabatic change in temperature with change in external magnetic field, which generally has large value across the magnetic phase transitions. The nature of the magnetic phase transition essentially plays an important role in deciding the practical use of the materials. The giant MCE is observed in various materials across the first order magnetic phase transition due to strong coupling between electronic, structural, and magnetic degrees of freedom^[@CR4]--[@CR9]^. However, the drawback of first order phase transition in comparison to second order transition is the hysteresis losses. Therefore, second order phase transition with large MCE could be favorable for magnetic refrigeration purpose where system has to go through repeated cycling^[@CR10]--[@CR13]^. Further, for the application purpose, materials with large MCE near room temperature are desirable and rare earth based intermetallic systems due to their large magnetic moment are prominent in the list. However, the high cost of rare earth elements often restricts the use of these materials^[@CR2],[@CR5],[@CR14]^. Therefore, the transition metal based intermetallic compounds with large magnetic moment are widely preferred for this purpose^[@CR9],[@CR13]--[@CR18]^.

In this regard, MnFe~4~Si~3~, which belongs to the Mn~5−*x*~Fe~*x*~Si~3~ ($\documentclass[12pt]{minimal}
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                \begin{document}$$x=0$$\end{document}$ to 5) family, is a potential candidate because of its near room temperature paramagnetic (PM)-ferromagnetic (FM) transition accompanied with a large change in magnetization. The series Mn~5−*x*~Fe~*x*~Si~3~ ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$x\mathrm{=0}$$\end{document}$ to 5) exhibits multiple magnetic phase transitions over a wide temperature range and MCE is observed across these transitions^[@CR19]--[@CR23]^. In this series, one end compound Mn~5~Si~3~ undergoes two successive magneto-structural transitions: one from paramagnetic (PM) to collinear antiferromagnetic (AF2) state at $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${T}_{\text{N}2}\sim 100$$\end{document}$ K coupled with a hexagonal to orthorhombic distortion followed by a AF2 to non-collinear antiferromagnetic (AF1) state at a lower temperature $\documentclass[12pt]{minimal}
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                \begin{document}$${T}_{\text{N}1}\sim 65$$\end{document}$ K coupled with an orthorhombic to monoclinic structural change. This system has been studied extensively due to its complex phase diagram, large topological hall resistance, and spin fluctuation driven large MCE across the field induced transitions at low temperature^[@CR19],[@CR24]--[@CR27]^. The Fe substitution at the Mn site shifts $\documentclass[12pt]{minimal}
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                \begin{document}$${T}_{\text{N}2}$$\end{document}$ weakly towards high temperatures while $\documentclass[12pt]{minimal}
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                \begin{document}$$x\le 3.5$$\end{document}$. However, for larger doping concentrations ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$x > 3.5$$\end{document}$), the transition at $\documentclass[12pt]{minimal}
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                \begin{document}$${T}_{\text{N}1}$$\end{document}$ collapses and the AFM transition at $\documentclass[12pt]{minimal}
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                \begin{document}$${T}_{\text{N}2}$$\end{document}$ is transformed to a FM one^[@CR21],[@CR23]^. On the other hand, the compound at the other end of this series i.e. Fe~5~Si~3~, shows only a PM to FM transition above room temperature ($\documentclass[12pt]{minimal}
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                \begin{document}$${T}_{\text{C}}\simeq 370$$\end{document}$ K). Unfortunately, Fe~5~Si~3~ is unstable below 800 °C and decomposes into Fe~3~Si and FeSi within few hours time^[@CR22],[@CR28]^.

MnFe~4~Si~3~ crystallizes in a hexagonal crystal structure with space group $\documentclass[12pt]{minimal}
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                \begin{document}$$P{6}_{3}/mcm$$\end{document}$ at room temperature. Transition metal atoms occupy two different crystallographic sites $\documentclass[12pt]{minimal}
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                \begin{document}$$M2$$\end{document}$ with Wyckoff positions 4d and 6g, respectively^[@CR22],[@CR29]--[@CR31]^. The $\documentclass[12pt]{minimal}
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                \begin{document}$$M1$$\end{document}$ site is fully occupied by the Fe atom, whereas the $\documentclass[12pt]{minimal}
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                \begin{document}$$M2$$\end{document}$ site is shared by Fe (2/3) and Mn (1/3) atoms. Recent neutron and x-ray diffraction studies on single crystals reveal that MnFe~4~Si~3~ crystallizes with a lower symmetry of $\documentclass[12pt]{minimal}
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                \begin{document}$$P\bar{6}$$\end{document}$ where the transition metal atoms can have four inequivalent sites: $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M1a$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M1b$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M2a$$\end{document}$, and $\documentclass[12pt]{minimal}
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                \begin{document}$$M1$$\end{document}$ site is partially occupied by both Fe and Mn atoms while the $\documentclass[12pt]{minimal}
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                \begin{document}$$P{6}_{3}/mcm$$\end{document}$ still can be considered as an average structure of the low symmetry space group $\documentclass[12pt]{minimal}
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                \begin{document}$$M1$$\end{document}$ site possesses the magnetic moment (\~1.5 *μ*~B~/metal atom) and is ordered in the $\documentclass[12pt]{minimal}
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                \begin{document}$$ab$$\end{document}$-plane^[@CR32]^. These observations are in contrast with the previous studies where all the transition metals are considered to have magnetic moment aligned along the $\documentclass[12pt]{minimal}
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                \begin{document}$$C$$\end{document}$-axis^[@CR20],[@CR22],[@CR29]--[@CR31],[@CR33]^. Interestingly, Hiring *et al*.^[@CR32]^ observed an anisotropic variation of lattice parameters with temperature without any change in crystal symmetry and a thermal hysteresis across the magnetic transition. On these bases, the phase transition was characterized as a first order type. In the subsequent studies using Mässbauer spectroscopy and MCE, Herlitschke *et al*.^[@CR34]^ found that the magnetic transition cannot be strictly characterized either as first order or second order type. Therefore, they proposed that this uncertainty could be due to the presence of Landau tricritical point near the magnetic transition.

Thus, the ambiguity about the nature of the transition in MnFe~4~Si~3~ and the possibility to tune the transition upon Mn substitution at the Fe site persuade us to re-examine the Mn~1+*x*~Fe~4−*x*~Si~3~ series. We show that the PM to FM transition is second order in nature, in contrast to previous reports^[@CR32],[@CR34],[@CR35]^. A detailed investigation of the PM to FM transition has been performed for $\documentclass[12pt]{minimal}
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                \begin{document}$$x=0.0$$\end{document}$ and 0.2 via critical analysis of the magnetization data and MCE studies to understand the nature of magnetic interaction.

Methods {#Sec2}
=======

A series of polycrystalline Mn~1+*x*~Fe~4−*x*~Si~3~ (with *x* = 0.0, 0.2, 0.6, 0.4, 0.8, and 1.0) samples is synthesized by arc melting of the constituent elements of purity better than $\documentclass[12pt]{minimal}
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                \begin{document}$$99.98$$\end{document}$% in a water cooled copper hearth in Ar atmosphere. The ingots thus obtained are flipped and re-melted four times to ensure the homogeneous mixing of elements. The weight loss after melting is estimated to be less than \~1% of the total sample weight. Obtained ingots are wrapped in Ta foils for thermal annealing in vacuum at 950 °C for five days followed by quenching in ice cooled water. The initial characterization to check the phase purity of all the samples is carried out by powder x-ray diffraction (XRD) with Cu K~*α*~ lab source ($\documentclass[12pt]{minimal}
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                \begin{document}$$\lambda =1.5406$$\end{document}$ Å, PANalytical X'Pert Pro diffractometer). Temperature ($\documentclass[12pt]{minimal}
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                \begin{document}$$T$$\end{document}$) dependent powder XRD measurements are carried out over a temperature range 300 K to 15 K for the Mn~2~Fe~3~Si~3~ sample. For this purpose, an Oxford PheniX closed-cycle helium cryostat is used as an attachment to the diffractometer. The synchrotron powder XRD (SXRD) measurement for the parent MnFe~4~Si~3~ sample is performed to detect the presence of minor secondary phase of FeMn as reported previously^[@CR32]^. It is carried out at the angle dispersive x-ray diffraction (ADXRD) beamline (BL-12), Indus-2 synchrotron source, RRCAT^[@CR36]^. The calibration of photon energy is done by using the LaB~6~ NIST standard sample and wavelength of the x-ray is estimated to be 0.80471 Å. Rietveld refinement of all the XRD data is performed using FullProf Software Package^[@CR37]^.
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                \begin{document}$$H$$\end{document}$) are performed using two different magnetometers: Vibrating Sample Magnetometer (VSM) option of 9 T PPMS and 7 T SQUID magnetometer, all from M/s. Quantum Design, USA. For each measurement, the magnetic field is lowered to zero from a high field value in the oscillating mode at high temperatures (above the magnetic transition) in order to minimize the residual field. For the magnetic isotherms (at and below $\documentclass[12pt]{minimal}
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                \begin{document}$${H}_{\text{ex}}$$\end{document}$) following the procedure described in ref. ^[@CR38]^. The temperature dependent resistivity measurements (3--300 K) are performed using four probe method in a home-made resistivity set-up attached to a cryostat (M/s. OXFORD Instrument, UK) with 8 T superconducting magnet.

Results and Discussion {#Sec3}
======================

X-ray diffraction {#Sec4}
-----------------

Figure [1(a)](#Fig1){ref-type="fig"} presents the room temperature powder XRD pattern of MnFe~4~Si~3~ measured at the synchrotron facility. Clearly, our synchrotron data do not show any extra peak associated with the foreign phases and all the peaks could be indexed using hexagonal crystal structure with space group $\documentclass[12pt]{minimal}
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                \begin{document}$$V=189.97(2)$$\end{document}$ Å^3^ which are in good agreement with the previous reports^[@CR20],[@CR22],[@CR31],[@CR32]^. The XRD patterns for other compositions (*x* = 0.2, 0.4, 0.6, 0.8, and 1.0) indicate that Mn substitution at the Fe site does not alter the symmetry of the crystal structure, but shifts the major XRD peaks to lower $\documentclass[12pt]{minimal}
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                \begin{document}$$6g$$\end{document}$ site in the crystal lattice.Figure 1The powder XRD patterns of (**a**) MnFe~4~Si~3~ at room temperature using the synchrotron source, (**b**) Mn~2~Fe~3~Si~3~ at room temperature using the lab source, and (**c**) Mn~2~Fe~3~Si~3~ at $\documentclass[12pt]{minimal}
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                \begin{document}$$T=15K$$\end{document}$ using the lab source. The solid line represents the Rietveld refinement of the experimental data, the green vertical bars correspond to Bragg positions, and the bottom blue line represents the difference between observed and calculated intensities.Figure 2The variations of lattice parameters (**a**) *a* and *c* and (**b**) unit cell volume *V* and *c*/*a* ratio as a function of Mn concentration (*x*). The solid lines are the fits using Vegard's law, as described in the text.

From the temperature dependent XRD and neutron diffraction studies a change of slope in $\documentclass[12pt]{minimal}
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                \begin{document}$$T$$\end{document}$.Figure 3Temperature variation of lattice parameters (**a**) *a* and *c* and (**b**) unit cell volume *V*, obtained from the Rietveld refinement of the powder XRD patterns of Mn~2~Fe~3~Si~3~.
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It is also predicted that one would observe the Landau tricritical point in the vicinity of the PM-FM transition in the parent MnFe~4~Si~3~ compound^[@CR34]^. Therefore, we tried to tune the PM-FM transition to lower temperatures by Mn substitution at the Fe site. Figure [5(a)](#Fig5){ref-type="fig"} presents the temperature dependent inverse susceptibility $\documentclass[12pt]{minimal}
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Critical scaling {#Sec6}
----------------

The critical analysis of the magnetization data were carried out for the compositions $\documentclass[12pt]{minimal}
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### Arrott Plot {#Sec7}
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### Critical isotherm {#Sec9}
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### Validity of scaling law {#Sec10}
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### Effective critical exponents {#Sec11}

Our estimated critical exponents do not fall in any of the common universality classes. Often the exponents are strongly influenced by various factors such as competing interactions, disorder etc. However, the real exponents reflecting the true universality class of the compounds can be assessed by performing the analysis only in the critical regimes when $\documentclass[12pt]{minimal}
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### Spin interaction {#Sec12}

The universality class of the phase transition depends on the nature of exchange interaction. According to the renormalization group theory, the isotropic interaction $\documentclass[12pt]{minimal}
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Magnetocaloric effect {#Sec13}
---------------------

As we have seen earlier, Mn substitution tunes the value of Θ~CW~ and hence the $\documentclass[12pt]{minimal}
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In addition, MCE is also being utilized to study the critical phenomena and the nature of the magnetic phase transition from the scaling behavior of Δ*S*~m~^[@CR49],[@CR50]^. The phenomenological universal scaling curve construction was first proposed by Franco *et al*.^[@CR51],[@CR52]^ in 2006 which was later utilized for analyzing the nature of magnetic phase transitions^[@CR53]^. More recently, critical analysis of MCE has also been carried out quantitatively and proven to be very effective for a detail understanding of the magnetic phase transition^[@CR49]^. Here, we have performed the universal curve construction and the critical analysis of MCE for both $\documentclass[12pt]{minimal}
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                \begin{document}$$x=0.2$$\end{document}$. Insets: field dependent isothermal magnetic entropy change Δ*S*~m~ at three different temperatures, near *T*~C~. The solid lines are the fits using power law, as described in the text.
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Summary {#Sec14}
=======

We have done a detailed investigation of the PM-FM phase transition in Mn~1+*x*~Fe~4−*x*~Si~3~ series. A careful magnetization measurement on the parent compound rules out the presence of thermal hysteresis, establishing the second order nature of the transition. This is in contrast with the previous reports^[@CR32]^. This PM-FM transition is found to be tuned from \~328 K to \~212 K by Mn substitution at the Fe site upto $\documentclass[12pt]{minimal}
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                \begin{document}$${T}_{\text{C}}\simeq 212$$\end{document}$ K), similar to the parent compound^[@CR32]^. This indicates that the structural degree of freedom is weakly coupled with the spin degree of freedom in this series.

A detailed critical analysis of the magnetization data across the transition is carried out for two compositions $\documentclass[12pt]{minimal}
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                \begin{document}$$x=0.0$$\end{document}$ and 0.2, respectively. These values are further confirmed from various analysis methods and Widom scaling relations indicating the robustness of critical analysis technique. The obtained critical exponents do not fall in any of the existing standard universality class and are similar to that observed for Cr~75~Fe~25~ and Cr~70~Fe~30~^[@CR40]^. However, the similar values of critical exponents for both parent and doped compounds indicates that the universality class of the compound does not change and the spin-spin interaction mechanism remains unaltered upon Mn substitution. The effective critical exponents ($\documentclass[12pt]{minimal}
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A reasonably large and negative MCE is inferred for the parent compound across the magnetic transition from the calculation of Δ*S*~m~ vs $\documentclass[12pt]{minimal}
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                \begin{document}$$T$$\end{document}$. Upon Mn substitution at the Fe site, the magnitude of Δ*S*~m~ at the peak position is reduced slightly which is likely due to the reduction in magnetic moment. On the other hand, the value of Δ*S*~m~ at the peak position is found to be enhanced continuously with magnetic field, for both the compounds. The maximum estimated value of Δ*S*~m~ is found to be −6.67 J/Kg-K and −5.84 J/Kg-K in a field change of 9 T for $\documentclass[12pt]{minimal}
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                \begin{document}$$RCP$$\end{document}$ (\~707 J/Kg) was found for both the compositions in a field change of 9 T. The universal scaling of MCE shows that the Δ*S*~m~(*T*) curves for different Δ*H* values collapse on the master curve for both the compositions. The obtained critical exponents ($\documentclass[12pt]{minimal}
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                \begin{document}$$RCP$$\end{document}$ in the parent compound are also consistent with the recent Monte-Carlo studies^[@CR55]^. Thus, the tunability of the PM-FM transition with Mn substitution and its reversible character make MnFe~4~Si~3~ a potential candidate for magnetic refrigeration application.
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